Abstract-A novel active islanding detection method using d-axis disturbance signal injection with intelligent control is proposed in this study. The proposed active islanding detection method is based on injecting a disturbance signal into the system through the d-axis current which leads to a frequency deviation at the terminal of the RLC load when the grid is disconnected. The feasibility of the proposed method is evaluated under the UL1741 anti-islanding test configuration. The proposed d-axis disturbance signal injection method is intended to achieve a reliable detection with quasi zero non-detection zone (NDZ), minimum effects on power quality and easy implementation without additional sensing devices or equipments. Moreover, to further improve the performance of islanding detection method, a wavelet fuzzy neural network (WFNN) intelligent controller is proposed to replace the proportional-integral (PI) controller used in traditional injection method for islanding detection. Furthermore, the network structure and the on-line learning algorithm of the WFNN are introduced in detail. Finally, the feasibility and effectiveness of the proposed d-axis disturbance signal injection method is verified with experimental results.
INTRODUCTION
An island is formed when one or more distributed resource (DR) units and local loads are disconnected from the main grid and remain operational as an autonomous entity. Islanding is either due to intentional events, e.g. maintenance outage, or due to accidental events, e.g. faults and their subsequent switching actions. In the utility practice at the present time, accidental islanding is an undesirable operation and is not permitted. Therefore, islanding must be detected and the islanded DR units must be disconnected from the grid [1] [2] [3] [4] . Moreover, islanding detection is a necessary feature of inverter-based distributed generator (DG) systems in order to meet stringent standard requirements for interconnection with the electrical grid. The islanding phenomenon usually occurs when the output power of the DGs and the load power are balanced, i.e., the load power is entirely supplied by DGs. At this time, if the utility is interrupted or failed, the disturbances of voltage and frequency of the DGs can not be detected with the standard of UL1741 or IEEE1547 [1, 2] . The islanding phenomenon will damage the safety of maintenance staff and the power systems.
Hence, all DG equipments are required to present an effective islanding detection method.
Islanding detection methods can be divided into two categories: one is the passive islanding detection methods [5] ; the other is the active islanding detection methods [3, 4] . In the passive islanding detection methods, the over/under voltage protection and over/under frequency protection are the basic passive islanding detection method for the DG to detect an islanding condition by monitoring parameters in point of common coupling (PCC) and then cause the DG to shut down when there is sufficient transition from normal specified conditions [5] . The flaw of these passive islanding detection methods are that when the power of DGs and the load are balanced there will exist a large NDZ making the passive islanding detection method fail and may not be reliable in high DG penetration cases. Therefore, the active islanding detection methods have become more important in recent years. Active frequency drift method is by adding dead time to the output current of inverter and results in PCC voltage and current distortion. Thus, when the utility is interrupted or failed, the frequency can drift to shift out of the NDZ [3] . Moreover, a positive feedback anti-islanding scheme also has been proposed for islanding detection of grid-connected DG [6, 7] . The positive feedback anti-islanding scheme using q-axis injection method injects a disturbance signal containing the difference of terminal voltage into the active power axis (q-axis). When the utility is interrupted or failed, it can accelerate the voltage drift to shift out of the NDZ [6] . However, the q-axis injection method is based on the active power disturbance method for anti-islanding which inherently has larger NDZ when compared with the reactive power disturbance method for antiislanding [5] . network size because of the time-frequency localization properties of wavelets [10, 11] . Due to the above advantages of FNN and WNN, the WFNN, which combines the advantages of FNN and WNN, is proposed in this study to improve the transient response of active and reactive power controls and to detect the islanding phenomenon quickly.
This study proposed the d-axis injection method for the inverter by injecting current disturbance signal using the difference of the frequency into the d-axis current to improve the deficiencies of q-axis injection method. Conventionally, the d-axis current is used to regulate reactive power output of the inverter. When the system is operated in grid-connected mode, the injected disturbance signal will approach to zero. Therefore, it will not be affected by the injected disturbance signal using positive feedback for grid-connected inverter. When the grid is disconnected, the injected disturbance signal will increase the difference of the frequency promptly. Thus, it can accelerate the frequency to shift out of the NDZ, and the NDZ of the d-axis disturbance signal injection method is effectively closed to quasi zero. Moreover, to further improve the performance of islanding detection method, the WFNN is proposed to replace the PI controller used in traditional injection method for islanding detection.
II. ACTIVE ISLANDING DETECTION METHOD

A. Non-Detection Zone
The NDZ is derived from the test circuit with a parallel RLC resonant tank as the load as shown in Fig. 1 . The power flow relations of the inverter active power inv P , reactive power inv Q , RLC load active power load P , reactive power load Q , and utility active power P Δ , reactive power Q Δ are as follows:
It is difficult to detect the islanding phenomenon when active and reactive power of the grid-connected inverter are equal to the active and reactive power of the RLC load, i.e., 0
. When the grid is disconnected, the added disturbance signal in the d-axis current will result in 0 ≠ inv Q . It can be described as:
where g V is the terminal rms voltage of RLC load; g ω is the angular frequency of the utility. Moreover, the quality factor is defined as:
Using the definition of the resonant frequency LC o / 1 = ω , (4) can be represented as follows:
where o f and g f are the frequency of o ω and g ω . The
NDZ is obtained with the maximum and minimum frequency defined in the IEEE Standard 1547 as follows:
where min f and max f are the minimum and maximum frequency thresholds.
B. D-Axis Disturbance Signal Injection Method
The objective of the proposed d-axis disturbance signal injection method is to accelerate the frequency of the inverter to shift out of the NDZ by adding disturbance signal in the daxis current when the grid is disconnected as shown in Fig. 2 . The control block of the proposed d-axis disturbance signal injection method is shown in Fig. 3 , where * P is the active power command; * Q is the reactive power command; θ is the 
where f k is the gain of disturbance signal; P k and I k are the gains of the PI controller; f is the frequency at the terminal of the RLC load.
From (7) and (8) 
Then, (10) can be obtained in the following by differentiating (9): 
can be described as:
Equation (13) can then be obtained as follows by (12) using the inverse Laplace transform:
When the grid is disconnected without d-axis disturbance signal injection method, the RLC load operates at resonant frequency, and can be considered as a resistive load. Thus, the inverter reactive power inv Q is approximately zero and (14) can be obtained by substitute 0 ≈ inv Q into (6) as follows:
From (14), when the grid is disconnected without d-axis disturbance signal injection method, the term shown in (5) is within the NDZ resulting in the islanding phenomenon. On the other hand, when the grid is disconnected with d-axis disturbance signal injection method, the instantaneous changes of
substituting (13) into (6), the added disturbance signal of d-axis to accelerate the frequency drift to shift out of the NDZ for both lower and upper limits can be obtained as follows:
i are all positive, the inequality of the lower limit of the NDZ shown in (15) can be described as:
where A is a positive and unknown value. Equation (16) can be further reduced to
where B is also a positive and unknown value. When the grid is disconnected, if the value B f − is smaller than g f , the system will operate beyond the lower limit of NDZ. On the other hand, the inequality of the upper limit of the NDZ shown in (15) can be further reduced to
, where C is also a positive and unknown value. If the value C f − is larger than g f , the system will operate beyond the upper limit of NDZ.
The d-axis disturbance signal is the combination of the reactive power and the frequency difference. When the system is operated in grid-connected mode, the error of reactive power and frequency is closed to zero, and therefore the disturbance dist i is closed to zero too. Hence, the d-axis disturbance signal injection method has the advantages of low harmonic distortion and excellent power quality. Although the q-axis disturbance signal injection method proposed in [6] has the same advantages as the d-axis disturbance signal injection method, the q-axis injection method is based on the active power disturbance method for anti-islanding which inherently has larger NDZ when compared with the reactive power disturbance method for anti-islanding [5] . Thus, the detecting speed of the d-axis disturbance signal injection method is faster than the q-axis disturbance signal injection method.
III. WFNN
Though the PI control has the advantages of simple structure and is easily to be implemented, the conventional PI control is not robust in dealing with the system uncertainties such as parameter variations, modeling errors and external disturbances in practical applications. Therefore, in order to achieve superior effect for the proposed d-axis disturbance signal injection method, the intelligent WFNN controllers are proposed to replace the PI controllers to achieve further rapid response of the islanding detection. The proposed WFNN is essentially developed based on WNN and FNN. Thus, WFNN combines the advantages of WNN to converge quickly and give high precision with reduced network size and the advantages of FNN to handle uncertain information. In this study, the proposed five-layer WFNN is extended from fivelayer TSK-type FNN [12] . The main difference is that the TSK layer is replaced by the wavelet layer.
A. Network Structure
The proposed five-layer WFNN is shown in Fig. 4 , which consists of the input layer, membership layer, rule layer, wavelet layer and output layer. The signal propagation and the basic function in each layer of the WFNN are introduced as follows:
1) Input layer (layer1):
For every node in this layer, the node input and the node output are represented as:
where e x = ; N denotes the number of iterations. These nodes only pass the input signal to the next layer. In this study, the input variables are 
2) Membership layer (layer2):
In this layer, each node performs a membership function. The Gaussian function is adopted as the membership function. For the j th node ( ) y to the node of layer 2, and n is the total number of the linguistic variables with respect to the input nodes.
3) Rule layer (layer3):
Each node in this layer is denoted by ∏ , which multiplies the input signals and outputs the result of product. w is the weight between the membership layer and the rule layer which is set to be 1. 
4) Wavelet layer (layer4):
where ik φ is i th in the k th term wavelet output to the node of wavelet sum layer; k ψ is k th term WFs output to the node of the wavelet layer; ik w is the wavelet weight for the units in the WFs layer.
In the l th layer, the output signals of the third layer are multiplied by the output signals of the WFs. The output of the l th layer is calculated as: 
B. Learning Algorithm for WFNN
The parameter learning is based on the supervised learning algorithms to adjust the link weights in the consequent layer, the adjust weights and the parameters of membership functions using the backpropagation algorithm to minimize a given energy function. To describe the on-line parameter learning algorithm of the WFNN, first the energy function V is defined as:
The update rules for the parameters in the WFNN are described as follows:
1) Layer5:
The error term to be propagated is computed as: 
where N denotes the iteration number of the j th link.
The exact calculation of the sensitivity of the system cannot be determined due to the uncertainties of the plant dynamic such as parameter variations and external disturbances. To overcome this problem and to increase the online learning rate of the network parameters, the delta adaptation law is adopted as follows:
where A is a positive constant.
IV. DESIGN AND EXPERIMENTATION
A. Design
The control block of the experimental setup with 2kW current-controlled voltage source inverter (VSI) for the proposed islanding detection method is shown in Fig. 5 , is adopted in the experimentation. When the S1 closes, the DG systems operate in grid-connected mode. On the other hand, when the S1 opens, the grid is disconnected. The parallel RLC resonant load represents a local load, and the RLC resonant frequency is adjusted to 60 ± 0.1Hz. Moreover, when the utility frequency is 60Hz, the RLC resonant load represents a resistive load. If the utility fails and the output power of the inverter and the RLC load power are balanced, without effective islanding detection method, the output voltage and frequency of the inverter will be maintained as same as the utility resulting in the islanding phenomenon. Hence this test system can be applied to determine if the islanding detection method is valid. The control block of a current-controlled three-phase VSI using d-axis disturbance signal injection method is shown in Fig. 6 . To obtain the active power and reactive power, the qaxis and d-axis components of the three-phase voltages and three-phase currents can be obtained by the coordinate transformation using three-phase load voltages and three-phase output currents of the inverter. Hence, the active power and reactive power outputs of the inverter can be obtained as follows:
The errors of active power and reactive power are regulated by conventional PI or the proposed WFNN controller to generate d-q axes current commands. Then, the PWM signals will be obtained by the three-phase current controllers. Figure 6 . Control block of current-controlled three-phase voltage source inverter using d-axis disturbance signal injection method. Moreover, the photos of the PC-based experimental setup using SIMULINK, including the DC source, inverter system, transformer, circuit breaker and RLC load, is shown in Fig. 7 .
B. Experimentation
In the experimentation, the utility frequency 60Hz is designed to test the effectiveness of the novel active islanding detection method. When the S1 shown in Fig. 5 opens, the utility is disconnected. Figure 8 shows the experimental results of q-axis disturbance signal injection method [6] using PI controller operated at 60Hz. The experimental results of active and active power commands are shown in Fig. 8(a) , where * P is set to be 2kW and * Q is set to be 0Var . Figure 8(b) is the response of frequency at the terminal of the RLC load. The grid is disconnected at the time 0.56s, and the inverter continues to output active power to the RLC load until the time 1.75s. After 1.75s, the disturbance signal is large enough to drift the frequency to shift out of the IEEE1547 scope. From Fig. 8(b) , the total time for the DG ceases to output power is about 1.19s, which meets the IEEE1547 regulations (2s). On the other hand, Figs. 9(a) and (b) show the experimental results of d-axis disturbance signal injection method using PI controller operated at 60Hz. The experimental results of active and active power command are shown in Fig. 9(a) . Figure 9(b) is the response of frequency at the terminal of the RLC load. The grid is also disconnected at the time 0.56s, and the d-axis disturbance signal injection method can instantly detect the islanding phenomenon in 1.06s and then the DG ceases to output power to the RLC load. From the experimental results, the proposed d-axis disturbance signal injection method is more effective than the q-axis disturbance signal injection method for active islanding detection. To verify the effectiveness of the combination of the d-axis disturbance signal injection method and the intelligent WFNN controller replaced PI controllers in Fig. 3 , the experimental results of d-axis disturbance signal injection method using WFNN controller operated at the utility frequency 60Hz are shown in Figs. 10(a) and (b) . The grid is disconnected at the time 0.56s, and the required time to detect the islanding phenomenon at the utility frequency 60Hz is 0.68s. Compared with the experimental results of d-axis disturbance signal injection method using PI controller, the responses of d-axis disturbance signal injection method using WFNN controller are faster due to the advantages of WFNN such as on-line learning and quick convergence. Therefore, the d-axis disturbance signal injection method using WFNN controller has excellent performance for the islanding detection.
V. CONCLUSION
This study has successfully demonstrated a novel d-axis disturbance signal injection method combined with the proposed intelligent WFNN controller for active islanding detection. The proposed method possesses minimum power quality disturbances and minimized NDZ. The NDZ, the proposed d-axis disturbance signal injection method, the network structure and on-line learning algorithms of the proposed WFNN have all been presented in detail. Moreover, the combination of the d-axis disturbance signal injection method and the intelligent WFNN controller has been presented. Furthermore, the novel islanding detection method and the proposed intelligent controller have been implemented in a PC-based experimental setup. The experimental results show that the d-axis disturbance signal injection method can make the frequency shift out of the UL1741 scope instantly and achieve islanding detection effectively.
